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ABSTRACT 
The influence of stone gravel on water infiltration is not thoroughly 
understood, in that previous studies led to contradictory results. This 
&&l work was conducted to determine the effect of gravel on infd- 
-tion into sealed soils and to develop a regression model for infil- 
tration based on the areas of the exposed and covered surfaces. Data 
were collected on 11 soils from three great groups from the fringe of 
the Sahara to the wet savanna zone of West Africa. A portable rainfall 
simulator was used to simulate rainfall on 28 undisturbed 1 by 1 m 
plots. Surface slope (P) ,  portions of surface areas covered by grass 
vegetation (V), coarse fragments partly embedded in a surface seal 
(E), free coarse fragments (e, and sealed patches (S) were assessed 
as well as mean diameters (MD) of coarse fragments. The surface 
coverage by free surface gravel alone accounted for 68% of the var- 
iance of the cumulative infiltrationhainfall ratio, denoted as the in- 
filtration ratio (IO). A simple nonlinear model taking into account s, 
F, and MD resulted in a high coefficient of determination of IO (Rz 
= 0.95). This model tested with three other sets of data was regarded 
as satisfactory to predict IO (P = 0.87). The results suggest that 
infiltration rate (IR) could be better related to the effective infiltrating 
annulus (AN) along the perimeter of free gravel than to the whole 
area under the free gravel (F). Moreover, simulated results indicated 
that 1.R increased with increasing F for MD < 0.029 m. For higher 
values of MD, IR decreased with increasing F. Thus, in the regions 
where large gravel-size coarse fragments prevail, infiltration decreases 
with increasing stone cover, especially if the stones are embedded in 
a surface seal, as in desert pavements. Conversely, infiltration is en- 
hanced by stone cover where small free coarse fragments are domi- 
nant, like those originating from a dismantled Fe pan. 
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ARGE AMOUNTS of water are lost through runoff L in arid and semiarid regions. Soil surface sealing, 
a common feature on most soils of these regions, has 
been considered a major cause for low infiltration (Se- 
giner and Moin, 1970; Hoogmoed and Stroosnijder, 
1984). However, these soils frequentIy contain coarse 
material at the surface, so that covered portions are 
protected from the action of raindrops and therefore 
from surface sealing. Kincaid et al. (1964) observed, 
in Arizona and New Mexico, that infiltration in- 
creased with increasing surface gravel cover. In the 
wet savanna zone of West Africa, many deep soils 
that exhibit a high content of gravel in their top layers 
are manually cultivated for food production and also 
mechanically cultivated for cotton (Gossypium hirsu- 
fum L.) cropping. Plowing and harrowing these soils 
maease infiltration by increasing the gravel cover (Casta 
al., 1989). Conversely, no-tillage, which does not 
Increase the vegetation cover, reduces the occurrence 
of gravel at the surface, decreases infiltration, and 
thus increases runoff and soil erosion (Kalms, 1975). 
wilcox et al. (1988) and Rostagano (1989), however, 
reported that rock cover was inversely associated with 
lnfiltrability. Contradictory results such as these could 
be explained if other factors are considered. For ex- 
ample, Koon et al. (1970) indicated that infiltration is 
dependent on percentage of cover, and the size and 
geometry of the particles covering the soil surface. 
Furthermore, the position of rock fragments in the top 
layer of loose sediments has been found to influence 
water intake to some extent (Poesen, 1986). As re- 
cently mentioned by Farres and Smith (1988), many 
questions remain regarding the role of coarse frag- 
ments in runoff production, in particular the interac- 
tion with surface sealing. Thus, further experiments 
are needed for a more complete understanding of these 
processes. Besides gaining better insight into the 
processes, such studies may aid determining whether 
tillage or no-tillage would enhance or reduce infiltra- 
tion as affected by gravel cover. 
The primary objective of this field study was to 
determine the effect of gravel cover on infiltration into 
sealed soils subjected to rainfall in the arid and semi- 
arid regions of West Africa through a field study using 
rainfall simulation. The secondary objectives were to: 
(i) develop a regression model for infiltration based 
on the areas of the exposed and covered surfaces, and 
(ii) test the applicability of this model for predicting 
infiltration in arid and semiarid rangelands. 
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MATERIALS AND METHODS 
Experimental areas were located in four countries, from 
the fringe of the Sahara in Niger to the wet savanna zone 
in :he northern Ivory Coast (Table 1). Despite differences 
in annual rainfall of these regions, intense rainstorms are 
common during the rainy season, which ranges from about 
2 to 6 mo. Soils orders vary from Entisols in the north to 
Alfisols in the south. In the desert region, the surface is 
composed of a dense cover of gravels and cobbles, gener- 
ally subrounded. In the savanna, the surface floor contains 
rounded gravels, originated from a dismantled Fe pan. 
Experiments were carried out on 28 plots 1 by 1 m, 
bounded by metal borders inserted to a depth of 0.1 m. 
Common features of these plots were slopes 56% grass 
cover 50.15 m2m-2, and no-tillage grazed lands or > 10- 
yr-old fallows. The surface layer contained coarse materials 
that were either free or embedded in a permanent surface 
seal. The surface seal, > 1 mm thick, consisted of a sandy 
layer overlying a clay-rich layer with vesicular porosity 
(Valentin, 1991). 
Simulated rainfall was produced by a field sprinkling 
infiltrometer designed by Asseline and Valentin (1978). The 
nozzle of the infiltrometer was positioned 3.7 m above the 
soil surface. The infiltrometer was connected to a constant- 
flow pump and an oscillating motion was maintained. Any 
change in the oscillating angle modified the irrigated sur- 
face and hence the rainfall intensity on the sprinkled area 
in a range between 30 to 150 mm h-l. Preliminary testing 
indicated that drop size and terminal velocities of simulated 
rainfall were comparable to rainfall of similar intensities. 
Kinetic energies ranged from 14 to 25 J mm-l .m-2 at 
intensities varying from 30 to 150 mm h-l. A canvas cur- 
Abbreviations: P, surface slope; V, portion of surface areas WV- 
ered by grass vegetation; E, coarse fragments partly embedded in 
a surface seal; F, free coarse fragments; S, sealed patches; MD, 
mean diameters of coarse fragments; IO, infiltration ratio, IR in- 
filtration rate; AN, effective infiltration annulus. 
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Table 1. Site location, textural characteristics, and soil 
classification of the soils used in this study. 
~- ~ 
Textural classification 
Site location Coutry of the topsoil Great groups 
Agassaghas Niger coarse gravel Tomorthent 
Kountkouzout Niger very gravelly sandy clay Ioam Tomorthent 
Banigorou . Niger very gravelly sandy clay loam Tomorthent 
Polaka Burkina Faso gravelly sandy loam Tomorthent 
Gagara Burkina Faso gravelly sandy loam Tomorthent 
Kognere Burkina Faso gravelly sandy loam Haplustalf 
Binnde Burkina Faso gravelly sandy loam Haplustalf 
Kuo Burkina Faso very gravelly sandy loam Durustalf 
Kante Togo very gravelly sandy loam Durustalf 
Varale Ivory Coast gravel Durustalf 
Korhogo Ivory Coast very gravelly sandy loam Durustalf 
tain shielded the sprinkled area from wind and enclosed a 
buffer area of 8 m2. Runoff was collected in a tank equipped 
with a high-accuracy water level recorder (accurate to 10 s 
and 0.1 mm). In an effort to simulate natural conditions, 
the following restrictions were imposed: (i) rainfall events 
were unimodal (Le., with a low-intensity initial stage, a 
high-intensity burst, and a decreasing-intensity tail), to re- 
flect the most common form in the Sahel area; (ii) two 
rainfall depths were applied, one equaling that of a storm 
of annual frequency as determined from long-term records 
from the nearest rain gauge station, and the other equaling 
that of a storm of decennial frequency; and (iii) the total 
simulated rainfall, cumulated during the whole set of ex- 
periments, did not exceed the mean annual rainfall. Since 
the rainfall patterns were adapted to local natural rainfall 
conditions, the procedure differed among sites (Table 2). 
The infiltration rate was determined as the difference 
between the controlled rainfall intensity and the recorded 
runoff rate. The infiltration rate decreased to a constant rate, 
denoted hereafter and commonly as final infiltration rate, 
which vanes with rainfall intensity and antecedent soil water 
content (Nassif and Wilson, 1975; Lafforgue, 1978). Such 
final infiltration rate is obtained after only a few minutes 
of constant intensity for sealed soils. Therefore, the final 
infiltration rate could be recorded for every intensity stage 
of varying-intensity rainstorms at various initial soil water 
contents. Final infiltration rate was fitted to a linear function 
of rainfall intensity for each storm in each plot. This line 
intersected the abscissa at a point, the critical ruinfaIl in- 
tensity, below which no runoff occurs (Lafforgue, 1978; 
Casenave and Valentin, 1992). The infiltration rate at this 
point, a value similar to the saturated hydraulic conductivity 
(Valentin, 1991), is denoted here as IR. Infiltration ratio 
(IO) is the ratio between the cumulative infiltration mea- 
sured. for the whole set of simulated rainfall events on a 
given plot and the cumulative rainfall. Here, IO is ex- 
pressed as a percentage. 
Soil surface area covered by coarse fragments was ini- 
tially determined by photographing the plots and measuring 
the total area covered by coarse fragments by the dot-grid 
method (Epstein and Grant, 1966). This approach was later 
substituted by visual estimation using specially established 
charts (Casenave and Valentin, 1989). The difference be- 
tween the visual observation technique and dot-grid method 
was ~ 5 % .  Coarse fragments were subdivided into size classes 
(0.002-0.020,0.021-0.075, and 0.076-0.150 m). The por- 
tions of areas of the surface covered by these classes (m2 
m-”) were referred to as DI, D2, and D,, respectively. The 
weighted MD (m) was calculated as 
MD = (0.011 Dl + 0.0475 Dz + 0.1125 D3)/(01 
The portions of areas coverd by grass (V), sealed patches 
(S), and occupied by coarse fragments embedded (E)  or noti 
embedded (F) in the surface were visually assessed (m%-”). 
Coarse fragments were classified as partly embedded if a 
scar was left at the surface after their removal. Conversely, 
fragments that were not embedded but simply resting on 
the surface in a seal (no scars when removed) were class- 
ified as free fragments. 
REGRESSION MODELS 
Linear Models 
Preliminary simple correlation analyses were ap- 
plied to the variables IR and IO. vs. P, V, F, and E 
to select independent variables to be used in the en- 
suing models. Simple physically based regression 
models for IR and IO were developed, making the 
following assumptions: 
1. Water flows were additive. In other words, flow 
measured in a plot was the sum of flows from each 
type of surface identified in the plot. 
2. Only three types of surface conditions existed: 
(i) sealed, (ii) embedded fragments, and (iii) free frag- 
ments. Grass-covered areas were considered sepa- 
rately. In the case of a l by l m plot, the variable S 
could be derived from E and F 
s = 1 - (E + F). Pl 
Such dependency among S, E, and F prohibits the 
inclusion of all three variables in the regression models. 
Table 2. Number of plots per site and simulated rainfall patterns. 
Simulated minfaII patterns 
10-yr storm 1-yr storm 
Site Number of plots Depth Duration Number Depth Duration Numb 
mm min mm min 
Agassaghas 
Kountkouzout 
Banigorou , . 
Polaka 
Gagara 
Kognere 
Binnde 
Kuo 
Kante 
Varale 
Korhoao 
, .  2 
3 
1 
1 
30 
40 
55 
45 
60 
60 
60 
60 
60 
60 
60 
30 
40 
50 
40 
50 
50 
45 
50 
50 
50 
50 
. .  
3 
. 4  
4 .  
’ 4  
4 
. 4  
4 
4 
4 
4 
4 
50 40 
80 70 
115 105 
90 75 9 
90 80 2 
90 80 2 .  
-90 65 2 
90 65 2 
90 80 2 
90 80 2 
90 80 2 
E 
L 
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. 3. water may infiltrate through sealed patches and 
,&er free coarse fragments. Terms used for IR and 
10 in seals were ir, and io,, respectively, while for 
under free fragments ir, and lof were used. 
4. No water could infiltrate through the embedded 
carse  fragments. In other words, infiltration rate (ire) 
and infiltration ratio (ioe) were nil under coarse frag- 
ments embedded in the surface. 
Based on Assumptions 3 and 4, the basic equations 
fm IR and IO can be written as 
IR = ir,S + ir,F 
IO = io,S + io,F 
[31 
[41 
w b r e  ir,, irf, io,, and iof are parameters to be esti- 
mated through curve fitting. 
The models presented by Eq. [3] and [4] assume 
that infiltration occurs on the whole area under free 
gravel. We developed a second set of models, assum- 
ing that water flow into gravel-covered areas was 
impeded and concentrated in the area along the perim- 
eter of the fragment, the central part of the protected 
area remaining dry (Fig. 1). Thus, the effective infil- 
trating area from an average gravel should be an an- 
nuhis an of width w. Considering the weighted mean 
diameter of the gravel (MD) given by Eq. [l] and the 
diameter of the dry circle (MD - 2w), 
an = nf(MD)2 - (MD - 2 ~ ) ~ ] / 4  [5] 
Simplifying the above equation, we obtain 
an = wMD - nw2 l-61 
Considering the cumulated annulus AN for the n 
free gravel pieces in the 1-m2 plot, we have 
AN = nan [71 
where yt can be estimated through 
n = 4F/n-MD2 [SI 
pl 
Combining Eq. [6], [7],  and [8] gives 
AN = ( ~ F / ~ M D ~ ) ( W M D  - m 2 )  
Considering w2/MD2 < c w/MD, Eq. [9] was sim- 
plified to An = 4 w F/MD. 
The value of w was assumed to be constant and 
equal to the radius of the drop falling from the gravel 
(Fig. 1). The value w = 0.0025 m was arbitrarily 
given to the width of the annulus, as the radius of a 
drop (Casenave and Valentin, 1989). The other one- 
half part of this drop was assumed to fall on the sealed 
surface and was not accounted for. 
To test the hypothesis that infiltration under free 
gravel occurred in the cumulated annulus of free coarse 
fragments rather than under the portion of surface that 
they cover (F), we substituted AN for F in Eq. [3] 
and [4], which resulted in following equations: 
IR = irSS + 4wirfF/MD 
IO = io,S + 4wio,F/MD 
[101 
[Ill 
where ir, and ir, are parameters estimated through curve 
fitting, and w is a constant. 
Nonlinear Models 
Linear models were developed with the assumption 
that IR and IO were proportionally related to S and k 
F. To consider additional surface conditions, the fol- 
lowing assumptions were made when developing non- 
linear models: 
1. If the whole surface was covered with embedded 
coarse fragments (E = l), IR and IO should be ex- 
pected to be minimized but not zero. Thus, a part of 
the rainfall would be intercepted by the gravel and 
surface storage would contribute to IR and IO. We 
called the minimum values of IR and IO, ir, and io,, 
respectively. 
2. If the whole surface was covered with free frag- 
ments ( F  = l), IR and IO would be maximized. We 
called the maximum values of IR and 10, ir, and io,, 
respectively. 
Based on the above, IR and IO were assumed to 
vary within minimum and maximum thresholds. The 
minimum (ir, and io,) and maximum (ir, and io,) val- 
ues were set as follows: ir, = 0.5 mm h-l (minimum 
value of IR obtained in this study), io, = 30 mm h-l, 
ir, = 3%, and io, = 95% as estimates from a runoff 
classification system based on gravel cover (Casenave 
and Valentin, 1992). Preliminary results (Casenave 
and Valentin, 1989) indicated that major variations of 
IR and IO occurred for median values of F (0.4-0.6 
m2 m-'). Such observations suggested that IR .and IO 
data could be fitted to sigmoid curves corresponding 
to logistic equations rather than to linear functions. 
Thus, nonlinear procedures resulted in the following 
equations: 
[12] IR = ir,, irx/[ir, + (ir, - ir,) exp( -Di)] 
' Fk. 1. Diagram of infiltrating annulus along the perimeter of 
a free gravel particle, where w is the width in meters. 
Rainwater intercepted by the gravel is assumed to form 
drops falling partly on the surface seal and partly on the 
Protected area. 
* 
IO = io,, io,/[io, + (io, - io,) exp(-Di)] [13] 
I -  
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Table 3. Slope and grass cover, gravel-size distribution, infiltration rate (IR), and infiltration ratio (IO) values obtained in each 
1-mf experimental plot. 
Coarse fragment cover . 
By diameter ' By area 
Surface Grass 
PIot slope cover 0.002-0.020 m 0.021-0.075 m 0.076-0.150 m Free Embedded IR IO 
% m2 m-' mm h-I % 
Aga1 2.0 
2.0 
0.5 
3.0 
Aga3 
Aga4 
Aga5 2.5 
Kou1 . 3.0 
Kou2 3.0 
Kou3 1 .o 
Kou4 1 .o 
Ban1 6.0 5 
Ban2 5.0 
Ban3 3.0 
Poll 2.0 
Pol2 2.0 
0.00 0.20 
0.00 0.60 
0.00 0.90 
0.00 0.75 
0.00 0.80 
0.00 0.60 
0.00 0.05 
0.00 0.10 
0.00 0.80 
0.00 0.90 
0.00 0.25 
0.00 0.15 
0.00 0.40 
0.00 0.30 
Po13 
Gag1 
Gag2 
Gag3 
Gag4 
Kog1 
Bin1 
Kuol 
Ku02 
Kan1 
Kan2 
Kan3 
Var1 
Kor1 
2.0 0.00 
3.0 0.00 
1.5 0.00 
1 .o 0.00 
2.0 0.05 
2.0 0.00 
2.0 0.00 
1 .o 0.15 
1 .o 0.10 
3.0 0.05 
3.0 ' 0.05 
3.0 0.05 
2.0 0.15 
1 .o 0.00 
0.30 
0.35 
0.50 
0.10 
0.05 
0.20 
0.20 
0.40 
0.20 
0.80 
0.30 
0.60 
0.95 
0.70 
0.50 
0.40 
0.10 
0.00 
0.00 
0.10 
0.85 
0.00 
0.05 
0.00 
0.05 
0.00 
0.30 
0.00 
0.00 
0.45 
0.00 
0.10 
0.05 
0.00 
0.00 
0.40 
0.20 
0.00 
0.00 
0.00 
0.00 
0.10 
0.30 
0.00 
0.00 
0.00 
0.00 
0.05 
0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.05 0.95 0.5 7.1 
0.05 0.95 0.5 4.3 
0.05 0.95 0.5 4.0 
0.05 0.70 0.5 7.6 
0.05 0.75 0.5 5.0 
0.40 0.35 5.0 16.3 
0.20 0.75 2.0 7.5 
0.05 0.05 10.0 25.7 
0.40 0.45 1.5 17.4 
0.50 0.40 8.0 21.7 
0.00 0.30 0.5 10.1 
0.00 0.15 1.5 21.8 
0.40 0.30 0.5 23.6 
0.00 0.30 0.5 10.0 i 
0.00 0.00 0.30 0.5 9.1 
0.00 0.05 0.45 1.0 9.1 
0.00 0.00 0.20 2.5 13.6 
0.00 0.00 0.10 4.0 20.2 
0.00 0.10 0.10 0.5 15.3 
0.00 0.20' 0.00 3.0 27.8 
0.00 0.50 0.30 1.5 30.5 
0.00 0.10 0.30 1.5 18.5 
0.00 0.80 0.00 26.5 54.9 
0.00 0.20 0.10 ' 13.0 28.5 
0.00 0.60 0.00 22.0 51.8 
0.00 0.60 0.35 9.0 38.5 
0.00 0.70 0.10 9.0 46.5 
0.00 0.10 0.70 1.0 7.33 
where 0,. is a function of the effective infiltrating area. 
Considering the previous models, we tested two types 
of functions for Di. In the first function, the effective 
infiltrating area was defined in terms of sealed patches 
and free fragments: 
Dl = Cs + ß F  u41 
where 01 and p are constants to be evaluated by regres- 
sion analysis. 
The second Di function assumed that the infiltrating 
area for the free fragments was the annulus AN: 
0 2  = YS + 4GwF/MD u51 
y and 6 being constants obtained from regression 
analysis and w = 0.0025 m. 
RESULTS 
Linear Models 
Grass cover was different from zero in only seven 
plots. Coarse fragments were generally gravel sized 
(0.002-0.020-m diam., Table 3). Surface a v e r  ranged 
from O to 0.80 m2 m-2 for free gravel and from O to 
95 m2 md2 for embedded coarse fragments. Low in- 
filtration ratios (654.9%) were obtained as a result 
of low infiltration rates (0.5-26.5 mm h-I). 
Simple regression analysis showed that no relation- 
ships were ' found between the infiltration variables, 
IO and IR, and surface slope and mean weighted di- 
ameter of gravel. Likewise, Table 4 indicates that no 
Table 4. Simple coefficients of determination (r') between soi1 
surface parameters? and infiltration parametersS. 
E .  F E +  F IR IO 
V NS 0.18* NS N S  0.23** 
E NS 0.47*** 0.27** oso*** 
F 
E S F  
IR 
0.21* 0.47*** 0.68*** 
0.71*** 
NS NS 
*,**,*** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
t V = portion of grass-covered area (m' m-*); E = embedded coarse 
' fragments cover (mz m-'); F = free coarse fragments cover (m' m-3. 
$ IR = infiltration rate (mm h-l); IO = infiltration ratio (%). 
Table 5. Estimated parameters of the linear models resulting 
from least squares statistical fitting. 
Standard 
Equation Rz Parametee Mean error 
0.52*** ir, (mm h-l) 3.0 1.8 
ir, (mm h-l) 17.8 2.9 
0.88*** io, (%) 19.2 2.0 
io, (%) 56.6 3.2 I. 
0.70*** ir, (mm h-I) 2.7 1.4 ..' 
[31 ~ 
141 
1101 
ir. fmm h-l) 25.61 2.8f 
0.84*** id, (%) ' 21.9' 2.4' 
io, (%) 72.18 4.48', 
1111 
*** Significant at the 0.001 probability level. 
ir, = estimated infiltration rate in seal$ patches; ir, = estimated infiltration 
rate under free coarse fragments; io, = estimated infiltration ratio in 
sealed patches; io, = estimated infiltration ratio under free coarse 
fragments. 
$ Value estimated for w = 0.0025 m. 
.. * r -, . .  
signiffcant regression was obtained between the infil- 
tration variables and total gravel cover (E + F). Sur- 
face coverage by free gravel accounted for two-thirds 
'i 
1 
r- , 
i- 
j: 
I- 
I 
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Table 6. Estimated parameters of the nonlinear models resulting 
from the least squares statistical fitting, using minimum 
infiltration rate  (ir,,) = 0.5 mm h-*, maximum infiltration 
rate  (ir,) = 30 mm h-', minimum infiltration ratio (io,,) = 
370, and maximum infiltration ratio (io,) = 95%. 
Combined Standard 
equations R2 Parameter Mean error 
Infiltration rate 
[I21 and 1151 0.84*** a 2.3 0.3 
Infiltration ratio 
ß 6.71 0.41 
[13] and [14] . O.%*** r 2.2 0.1 
6 4.3 0.1 
***Significant at  the 0,001 probability level. 
t Value estimated for w = 0.0025 m. 
601 & 
50- 
40. 
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Fig. 2. Observed and predicted values of infiltration ratio (IO) 
.obtained from combined Eq. [13] and [14] and regression 
parameters reported in Table 6.  
of the variability in IO (9 = 0.68, Table 4). Vege- 
tation cover (V) was not considered in the ensuing 
linear models since it was not uniformly distributed 
(Table 3) and was not independent from F (Table 4). 
Table 5 lists the parameters of the linear models, 
as estimated using least square fitting procedures. The 
agreement between the tested model and the data was 
good for IO, (Eq. [4]) but more debatable for IR (Eq. 
[3]). A higher coefficient of determination for IR (Eq. 
[lo]), but a lower coefficient for IO (Eq. [ll]; Table 
5) ,  were yielded when the area of annulus was con- 
sidered as the effective infiltrating surface rather than 
the whole area of free gravel, E. 
Nonlinear Models 
Taking previous results into consideration in the 
nonlinear models, we used the area of annulus as the 
effective surface for predicting. IR and the area of free 
gravel for predicting IO. This resulted in a model of 
IR represented by Eq. [12] and [15], combined, and 
a model of IO represented by Eq. [13] and [14], com- 
bined. These models resulted in higher coefficients of 
d!l_elennination for IR [RR2 = 0.84. Table 6 )  and for IO 
e 6,' Fig. 2) than for linkar models. 
nlinear models for IR and IO (Table 
ct of various surface conditions on 
igure 3 shows a simulation of combined 
for the three classes of gravel size, 
O 0.2 0.4 0.6 a 
FREE GRAVEL COVER (m2m-2) 
1671 
I 
Fig. 3. Influence of mean diameter of free gravel (MD) on the 
infiltration rate  (IR) as derived from combined Eq. [12] and 
[E] ,  with no embedded gravel (E = O) in Table 6. The  IR 
is independent of the soil cover with free gravel when MD 
= 0.029 m. 
Free gravel O 
/ i  
,s/ 7: - I 
2 30 4 1 
2oj 10 
40- 
Free 
A 
Ec0.15m2nF2 
- 
Modefzdded  
' A  
Experimenta 
A 
Embedded 
Others 
gravel 
-o 0.2 o h  0:s o k  i 
SOIL COVER (m2 m-') . 
Fig. 4. Influence of free and embedded gravel on infiltration 
ratio (IO). The  free gravel curve results for  Eq. 1131 and 
[14] with no embedded gravel (E = O), the embedded gravel 
curve with no free gravel (J? = O). External data from Kincaid 
et  al. (1964), Collinet (1988), and  Casta e t  al. (1989) (Table 
7). c 
with only free fragments (E = O). Infiltration rate 
increases as a function of soil cover for the low MD 
but decreases for the MD values larger than a thresh- 
old value (MD,) = 4 ß w. This value, equal to 0.029 
m, was determined independently from the value of 
w, since fitting operated on ßw (Table 6). Figure 4, 
which shows a simulation of combihed Eq. [13] and 
[14], illustrates the influence of gravel position on IR. 
Some data points from this study are shown on Fig. 
4 (with E < 0.15 m2 m-2 for plots with dominating 
free gravel cover and F < 0.15 m2 m-2 for plots with 
dominating embedded gravel cover). The same se- 
lecting rule was applied to report some data points 
from the literature (Fig. 4). These data, including E, 
F, and IO, were collected in Arizona (Kincaid et al., 
1964), in Burkina Faso and in northern Ivory Coast 
> .  
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(Collinet, 1988), and in central Ivory Coast (Casta et 
al., 1989). In the two first data sets, approximately 
10-m-long plots were subjected to simulated rainfall, 
in the later data set the same type of 1 by 1 m plots 
were used. Despite the differences among experimen- 
tal conditions, predicted values with combined Eq. 
[13] and [14] were found in accordance with observed 
values of IO (R2 = 0.87, Table 7). 
DISCUSSION 
Our results illustrate the influence of the position 
of gravel in the seal on IR. Such findings are consis- 
tent with the laboratory results of Poesen (1986). Fur- 
thermore, the higher coefficients of determination 
obtained for IR when the gravel annulus was used as 
the effective infiltrating area rather than the whole 
surface under the free gravel indicated that infiltration 
occurs along the perimeter of free gravel. A given 
gravel cover can consist of coarse fragments differing 
in size, thence in perimeter. Gravel size seems to be 
important as well as gravel cover for predicting IR. 
Free gravel cover seems to enhance the IR of a sealed 
surface when gravel size is small. This may be the 
case in the wet savannah zone for gravel originated 
from dismanteled Fe pans, as observed by Collinet 
(1988). Conversely, coverage by large-sized gravel 
hampers infiltration, even if the amount of free gravel 
is high. Desert pavements are made of gravel and 
cobbles, with a large proportion of embedded coarse 
fragments (Table 3). This may explain why Wilcox et 
al. (1988) and Rostagano (1989) reported a negative 
relationship between rock fragment cover and infiltra- 
tion in the dry areas. 
Better correlations were obtained between observed 
values for IO and observed values of S, F, and V than 
were for IR. These two infiltration variables do not 
seem to be influenced by the same factors. This can 
be ascribed to the fact that, unlike IR, IO is a com- 
posite variable reflecting not only IR but also ponding 
and surface retention of water; the latter are assumed 
to be more influenced by surface roughness as asso- 
ciated with gravel cover than by gravel perimeter. 
Table 7. Observed values of infiltration ratios used as external 
data in Fig. 4, compared with predicted values through 
combined Eq. [13] and [14] and fitted parameters of Table 
6. 
Coarse fragment 
cover Infiltration ratio 
Flot Free Embedded Observed Predicted A t  
~~ ~ - m m - l  - % 
LH-3$ 0.09 0.06 24.0 22.7 1.3 
K-lO$ 0.07 0.05 19.5 22.4 - 2.9 
Our15 0.20 0.70 10.0 8.3 1.7 
Pou25 . 0.05 0.00 18.0 23.6 - 5.6 
hui§ 0.35 0.00 29.0 36.2 - 7.2 
War15 0.70 0.00 63.5 $3.2 10.3 
Bo27 0.50 0.10 45.0 38.3 6.7 
BO31 0.25 0.10 35.0 21.2 7.8 
t A = difference between observed and predicted values of infiltration 
$ Data from Kincaid et al. (1964). 
§ Data from Collinet (1988). 
7 Data from Casta et al. (1989). 
~ o 9 n  . , 0.45 0.10 34.0 35.9 - 1.9 
ratio. 
Under very sparse vegetation, our results showed 
that gravel cover and type accounted for most of the 
variability of IO. This was also hypothesized by Kin- 
caid et al. (1964). 
These results have some practical implications. In 
arid areas of West Africa, fields are often located 
downstream from hilltops or plateaus covered with a 
gravel pavement. Determining the portion of free and 
embedded gravel helps to predict the amount of water 
available for runoff farming purposes, as illustrated 
by Reij et al. (1988). Our results explain also why 
small free gravel cover generally increases infiltration 
in the plowed soils in the wet savannah zone of West 
Africa, as illustrated by several authors (Kalms, 1975; 
Collinet, 1988; Casta et al., 1989). 
CONCLUSIONS 
Rainfall simulations on 28 microplots in four West 
African countries were used to analyze the effect of 
surface conditions on IR and IO, In this study, all 
experimental units consisted of a sealed surface. Gravel 
cover and gravel size varied among locations, making 
the study of their effect possible. We found that: 
1. No correlation existed between IR or IO and the 
area covered by coarse fragments. Consequently, gravel 
cover alone cannot be used as an appropriate predictor 
of infiltration for the soils studied. 
2. Highly significant correlations were obtained be- 
ween the above IR or IO and gravel cover, provided 
that the embedded fragments were distinguished from 
the free coarse gravel cover. 
3. Models based on the proportions of surface oc- 
cupied by sealed patches and free gravel described 
52% of the variability in IR and 88% of the variability 
in IO. 
4. Infiltration rate increases with increasing amounts 
of free small gravel up to a specific threshold gravel 
size (MD = 0.029 m). 
5. The best model for predicting IR supports the 
hypothesis that water infiltrates along the gravel pe- 
rimeter rather than beneath the gravel. 
6 .  The model for IO was validated on three sets of 
data from the literature. It is thought to be relevant 
for predicting the IO on Sravelly soils of arid areas. 
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